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Abstract

Various forms of host stresses (e.g. physiological, psychological) are thought to
influence susceptibility to pathogenic microorganisms. Catecholamines such as
norepinephrine are released into the GI environment during acute stress and may
influence the infective process of bacterial pathogens associated with the GI tract.
To examine the effects of norepinephrine on expression of virulence factors in
Escherichia coli O157:H7, the clinical-type isolate EDL933 (ATCC 43895) was
grown in serum-Standard American Petroleum Institute media in the presence or
absence of norepinephrine. After 5 h of exposure to norepinephrine, treatment and
control cultures (not exposed to norepinephrine) were harvested, their RNA
isolated, and gene expression evaluated. There was a dramatic increase in the
expression of virulence factor transcripts including stxl, stx2, and eae. Also
induced were transcripts involved in iron metabolism. Conversely, there was
comparative repression of iron acquisition and phage shock protein-related
transcripts in the presence of norepinephrine. Novel observations from these data
suggested that exposure to norepinephrine induced glutamate decarboxylase acid
resistance as well as an SOS response in E. coli O157:H7. The results corroborate
many of the previous findings detailed in the literature and provide new

observations that could expand the scope of microbial endocrinology.

Introduction

It has been reported (Lyte & Ernst, 1992; Lyte & Nguyen,
1997; Chen et al., 2003; Green et al., 2004) that there are
direct neuroendocrine system (adrenergic) innervations of
the GI tract, which may influence the outcome of Escherichia
coli O157:H7 infection when activated by acute stress. One
of the primary biochemicals of interest in the relatively new
area of microbiology, termed microbial endocrinology, has
been the catecholamine norepinephrine (Jones & Shapiro,
1963; Green et al., 2003; Lyte, 2004a, b). What is not widely
recognized is that norepinephrine- and dopamine-contain-
ing sympathetic nerve terminals are also widely distributed
throughout the GI tract, where they make up a vital
component of the enteric nervous system (ENS) (Costa
et al., 2000). Norepinephrine has been shown to spill into
the small intestine environment, via the ENS, during acute
stress (Eisenhofer et al., 1995; Aneman et al., 1996). For the
host, the effects of norepinephrine release help modulate
homeostasis during actual or perceived stress (Monjan &
Collector, 1977). Interestingly, up to half of the norepi-
nephrine within the mammalian body may be synthesized
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and utilized within the ENS as noted in a previous review
(Lyte, 2004a).

There is a growing body of research indicating that the
host microbiota, including commensals and pathogens, may
respond to the presence of catecholamines. Norepinephrine
has been shown to be a beneficial growth adjuvant to E. coli
in serum-based media (Kinney et al., 2000) with a primary
effect of enhancing iron acquisition (Bowdre et al., 1976;
Freestone et al., 2000). Further tying together the virulence
systems of E. coli O157, with an norepinephrine-influenced
environment within the GI tract, it has been shown that
norepinephrine enhances growth and iron acquisition, ef-
fects motility, increases toxin expression, and promotes
attachment of E. coli O157 in vivo (Lyte et al., 1996a, 1997;
Freestone et al., 1999, 2000; Chen et al., 2003; Green et al.,
2004). Thus, a link between the noradrenergic stress re-
sponse in the host and the pathogenesis of E. coli O157:H7
has been described.

There are mechanisms of genetic regulation related to
norepinephrine and its influence on the pathogenesis of
E. coli O157 that remain to be elucidated. As an initial
attempt to corroborate previous findings and identify new
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research directions, gene expression has been evaluated in an
E. coli O157:H7 EDL933-type isolate in serum-Standard
American Petroleum Institute (SAPI) media, either in the
presence or in the absence of norepinephrine. By comparing
expression profiles in treatment and control cultures, it was
hoped that new putative norepinephrine regulatory me-
chanisms and gene-expression patterns would be identified
that contribute toward elucidation of the virulence-enhan-
cing effects catecholamines have on E. coli O157:H7.

Materials and methods

Microorganism and growth conditions

Eight separate replicates of the study were performed on 4
separate days. For each replicate, a single isolated colony was
derived from glycerol stocks of ATCC 43895 cryo-stock by
plating on tryptic soy agar. Isolated colonies were inoculated
and grown overnight in tryptic soy broth. From the same
overnight culture, 200 pL (~2.0 x 10’ CFUmL™") were used
to inoculate 10 mL aliquots of preincubated (serum-SAPI
media was preincubated, for 24h to stabilize temperature
and gas equilibrium) serum-SAPI minimal medium (Lyte
et al., 1996a, 1997) containing either 50 UM norepinephrine
in phosphate-buffered saline for treatment samples or the
same volume of vehicle for control samples. EDL933 (ATCC
43895) isolates were cultured at 37 °C, 0.05% CO,, 95%
humidity on a rocking platform at 0.5 cycles™'. All cultures
were maintained in Falcon six-well tissue culture plates
(Becton Dickinson, NJ) to ensure gas exchange within the
cultures were optimized over the 5-h incubation. After 5 h
incubation, cells were harvested directly into bacteria pro-
tect RNA solution (Qiagen Inc.) and processed for RNA
extraction and subsequent microarray analyses.

Microarray design

Using the transcriptome of E. coli O157:H7 EDL933, an
oligonucleotide microarray, made up of 43-45 mers, was
designed. A total of 610 genes (including 10 negative control
probes derived from pig mRNA sequences) were selected.
Designed using a custom script, specifications of oligos were
based on various design characteristics such as temperature
of melting, 3’ location, specificity, lack of repeat nucleotides,
etc. (Charbonnier et al., 2005). Oligonucleotides were
synthesized and normalized in concentration by Integrated
DNA Technologies Inc. (Coralville, IA). Oligos were resus-
pended in Epoxide Spotting Solution and printed onto
Epoxide Coated Slides (Corning Inc., Corning, NY) using
a GeneMachine’s Omnigrid Accent microarray printer
(Genomic Solutions, Ann Arbor, MI). Each array consisted
of duplicate elements for each gene and each slide contained
a duplicate array with spot sizes of 170 um, separated at a
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distance of 300 pm. MIAME information for this array is
contained within the NCBI GEO under accession GPL3935.

Microarray protocol

All procedures were performed according to respective
manufacturer protocols. Total RNA was extracted using the
RNeasy Bacteria Mini Kit (Qiagen Inc.) and trace amounts
of DNA were removed using the RNase-Free DNase Set
(Qiagen Inc.). RNA was quantified using spectrophotometry
(Nanodrop) and quality confirmed by electrophoresis. For
each sample, 10 pg of RNA were labeled with either CyDye3-
dCTP or CyDye5-dCTP (Amersham Biosciences) using the
LabelStar kit (Qiagen Inc.) and Random nonamers (Sigma-
Aldrich Inc., St Louis, MO). Labeled cDNA were hybridized
to the microarray using the Pronto Universal Hybridization
Kit and the Short Oligo Hybridization Solution (Corning
Inc.). A total of 16 arrays, each with duplicate elements for
each gene, including a dye swap for each replicate (eight
biological replicates), was analyzed to obtain genes that were
consistently regulated while limiting a false discover rate
(FDR) below 5% (Benjamini & Hochberg, 1995).

Microarray analysis

Microarray images were captured using a Genepix 4000B
(Molecular Devices Corporation, Union City, CA) laser
scanner and images processed using GENEPIX 6.0 software
(Molecular Devices Corporation). Microarray data analyses
were performed using acurry 4.0 software (Molecular
Devices Corporation). Slides were normalized using stan-
dard methods and analyzed based on log ratio (635/532)
values. Genes were included in the final data set that exhibit
at least a |1.5|-fold comparative regulation.

Quantitative PCR

Quantitative PCR results for six induced and repressed
genes were used as a validation of the microarray results.
Measurements of relative transcript amounts were per-
formed by quantitative reverse transcription-polymerase
chain reaction (qQRT-PCR) with the QuantiTect SYBR Green
RT-PCR kit (Qiagen Inc.) according to the manufacturer’s
instructions. Cycling conditions were based on the standard
settings recommended for the 7500 Sequence Detection
System (PE Applied Biosystems). In all cases the same RNA
samples used for cDNA synthesis and microarrays were
subsequently used for quantitative PCR validation. Specific
primer pairs were designed using APPLIED BIOSYSTEMS PRIMER
SELECT Software and standard settings (PE Applied Biosys-
tems). The genes selected for final analyses using qRT-PCR
included stx2a (forward 5'-TTCGCGCCGTGAATGAA;
reverse 5'-CAGGCCTGTCGCCAGTTATC), stx1B (forward
5'-TGCATCGCTTTCATTTTTTTCA; reverse 5-CCACC
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TTTCCAGTTACACAATCAG), eae (forward 5'-CGGAT
AACGCCGATACCATT; reverse 5-GCCTGAGCTACCC
CATTCTTT), espB (forward 5'-TCGCAGAACGCAGGAT
GATA; reverse 5'-GCGGACAGCGGACGTTATAT), espA
(forward 5'-GCCAAAATTGCTGATGTTCAGA; reverse
5'-CGTCTTGAGGAAGTTTGGCTTT), and pspA. Their
amplification efficiency was estimated to be between 89%
and 95%. In addition, the 16S RNA gene (forward
5'-CCAGGGCTACACACGTGCTA; reverse 5'-TCTCGC
GAGGTCGCTTCT) transcript was analyzed for both
control and treatment samples, in order to normalize the
qRT-PCR results of selected genes. The reactions were
performed on an ABI Prism 7500 Sequence Detection
system (PE Applied Biosystems). The difference (fold) in
the initial concentration of each transcript (normalized to
16S rRNA gene) with respect to the control was calculated
according to the comparative C; method using the built-in
functions of the 7500 SYSTEM SEQUENCE DETECTION Software
version 1.3 (Applied Biosystems). The results of the qRT-
PCR are provided in Table 2 and correlated with microarray
expression (correlation coefficient 0.99, P < 0.0001).

Statistics

Correlation analyses were performed using multivariate
analyses functions of jMp 6.0 (SAS Institute, Cary, NC).
Power analysis was performed using k sample means func-
tion of yMp 6.0 (SAS institute). Built-in functions of 7500
SYSTEM SEQUENCE DETECTION Software version 1.3 (Applied
Biosystems) were used to average replication C; for quanti-
tative PCR. On the basis of power analyses, a total of 16
arrays, each with duplicate elements for each gene, including
a dye swap for each replicate (eight biological replicates),
was analyzed to obtain genes that were consistently regu-
lated while limiting FDR below 5% (Benjamini & Hochberg,
1995). Statistical calculations related to microarray expres-
sion were performed within acuiry 4.0 (Molecular Devices
Corporation) and confirmed by a separate analysis using
GENESPRING 6.0 (Agilent Technologies).

Results and discussion

EDL933 (ATCC 43895) isolates were cultured at 37 °C in the
presence and absence of norepinephrine in a serum-SAPI-
based media under 0.05% CO,, 95% humidity environment,
with inoculums of ~2.2 x 10° CFUmL™" (Lyte et al., 1996a,
1997). A lower inoculum would be more biologically
relevant, but this variable had to be balanced with the need
to isolate sufficient RNA concentrations to use for micro-
array hybridizations. Similarly, an additional variable related
to growth stage could have been alleviated by allowing the
control culture to grow longer but this would have added a
time variable that is not entirely rational in terms of
evaluating pathogenesis. Thus, a 5h time point was chosen
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to evaluate RNA expression in response to norepinephrine.
This time frame is also relevant in relation to transit time
and time to clinical infection within the GI tract (Sarmiento
et al., 1988; Cray & Moon, 1995; Shere et al., 2002; Chen
et al., 2003; La Ragione et al., 2005). The difference in
ODggo nm after 5-h of incubation was only 0.012 (ODggo nm
norepinephrine-ODggg ,m control). As noted in previous
studies on growth effects of norepinephrine in serum-SAPI,
the earliest norepinephrine that can increase growth is
between 4 and 6h (Lyte et al., 1996b; Chen et al., 2006),
and (M. Lyte, pers. commun.) thus this study, which
evaluates the norepinephrine-influenced genetic profile at
5h, is appropriate for furthering the intended goals.

It was hoped that using a 610-gene microarray, described
and validated previously (Dowd & Ishizaki, 2006), would
corroborate previous findings (Lyte et al., 1996a,b, 1997;
Collington et al., 1998; Freestone et al., 2000) and reveal
novel regulatory mechanisms that contribute to norepi-
nephrine-associated pathogenesis. The results (Table 1)
showed significant differential regulation (FDR < 5%) of
101 genes, and corroborated well with previous findings
related to the predominant virulence factors including stx1,
stx2, and eae (Lyte et al., 1996a; Green et al., 2004; Vlisidou
et al., 2004; Chen et al., 2006). The most highly induced
genes in the norepinephrine-exposed isolates were the locus
of enterocyte effacement (LEE)-secreted protein (espAB)
transcripts. Iron binding and transport proteins were also
highly induced, although novel findings showed that tran-
scripts related to iron scavenging such as entDC and fepAC
were comparatively repressed. The most highly repressed
genes were a group of phage shock proteins pspA-E. There
was a variety of regulatory genes including yihL, rseAB,
phoB, nusBG, glnG, ybbU, pspC, and fur that were compara-
tively repressed while induced transcription regulation
genes included rpoN, rcsA, gevA, icc, gseB, msbB, and rstA
(Table 1).

Virulence factors

The induction of stxI, stx2, and LEE-associated transcripts,
in the presence of norepinephrine, has been discussed in
detail (Lyte & Bailey, 1997; Lyte et al., 1996a, 1997; Vlisidou
et al., 2004). The concurrence of the results of this study
with previous observations also lends validation to the
current data set. Thus, conditions that result in elevated
norepinephrine and a subsequent spillover of this catecho-
lamine into the iron-deplete environment of the GI (acute
stress responses) could result in enhanced pathogenesis of
E. coli O157:H7 (Chen et al., 2003; Green et al., 2004) by
induction of the major virulence factors associated with its
pathogeneses.

The LEE region of the EHEC O157:H7 strain EDL933
(Perna et al., 2001) indicates the presence of 41 ORFs, most
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Table 1. Genes significantly regulated during growth in the presence of norepinephrine
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Name  Definition Fold regulation Benjamini—-Hochberg (FDR)
pspB Phage shock protein, putative inner membrane protein —14.8 0.00
pspA Phage shock protein, putative inner membrane protein —-14.2 0.00
pspD Phage shock protein —14.1 0.00
pspC Phage shock protein: activates phage shock-protein expression —-12.5 0.01
cyoE Protoheme IX farnesyltransferase (heme O biosynthesis) —4.8 0.00
glnG Response regulator for gln (sensor ginL) (nitrogen regulator |, NRI) -43 0.01
yihM orf, hypothetical protein —-3.8 0.00
yihL Putative transcriptional regulator GntR —-37 0.00
ompF Outer membrane protein 1a (la;b;F) —36 0.00
pspE Phage shock protein —3.1 0.00
rseB Regulates activity of sigma-E factor -26 0.00
fur Negative regulator -23 0.04
secD Protein secretion; membrane protein, part of the channel —2.3 0.00
fepA Outer membrane receptor for ferric enterobactin (enterochelin) and colicins B and D —2.2 0.03
hmpA  Dihydropteridine reductase, ferrisiderophore reductase activity —-2.2 0.00
csgG Curli production assembly/transport component, second curli operon -2.1 0.00
htpG Chaperone Hsp90, heat shock protein C 62.5 -2.1 0.01
flie Flagellar biosynthesis; basal-body component, possibly at (MS-ring)-rod junction -2.1 0.00
rpok RNA polymerase, sigma-E factor; heat shock and oxidative stress -2.0 0.00
ybbU Putative regulator -2.0 0.00
entC Isochorismate hydroxymutase 2, enterochelin biosynthesis -2.0 0.00
rseA Sigma-E factor, negative regulatory protein —-2.0 0.02
phoB Positive response regulator for pho regulon, sensor is PhoR (or CreC) —-19 0.00
fepC ATP-binding component of ferric enterobactin transport -1.9 0.03
nusB Transcription termination; L factor —1.8 0.01
nupC Permease of transport system for three nucleosides -1.8 0.04
glnS Glutamine tRNA synthetase -1.8 0.00
csgF Curli production assembly/transport component, second curli operon -1.7 0.00
dnal Chaperone with DnaK; heat shock protein -1.7 0.00
Omexp Putative outer membrane export protein -1.7 0.03
lysP Lysine-specific permease -1.7 0.00
kdtA 3-deoxy-p-manno-octulosonic-acid transferase (KDO transferase) —-1.7 0.00
secF Protein secretion, membrane protein -1.7 0.02
entD Enterobactin synthetase component D -1.6 0.05
nusG Component in transcription antitermination —-1.6 0.01
invasind  Putative invasin -1.6 0.01
fsr Fosmidomycin resistance protein —-1.6 0.02
ompG  Outer membrane protein —-1.6 0.02
aroP Aromatic amino acid transport protein —-1.6 0.01
seckE Preprotein translocase —-1.6 0.01
sfmF Putative fimbrial protein —-1.6 0.02
ptrB Protease Il —-1.6 0.02
gseA Quorum sensing Escherichia coli regulator A -1.5 0.05
spoT (p)ppGpp synthetase II; also guanosine-3’, 5’-bis pyrophosphate 3’-pyrophosphohydrolase -1.5 0.00
marB Multiple antibiotic resistance protein 1.5 0.01
QseC Quorum sensing Escherichia coli regulator C 1.5 0.05
icc Regulator of lacZ 1.5 0.01
hemD  Uroporphyrinogen lll synthase 1.5 0.00
def Peptide deformylase pdf 1.5 0.02
rcsC Sensor for ctr capsule biosynthesis, probable histidine kinase acting on RcsB 1.6 0.01
msbB Suppressor of htrB, heat shock protein 1.6 0.01
umuD  SOS mutagenesis; error-prone repair; processed to UmuD’; forms complex with UmuC 1.6 0.05
recB DNA helicase, ATP-dependent dsDNA/ssDNA exonuclease V subunit, ssDNA endonuclease 1.6 0.00
fimE Recombinase involved in phase variation; regulator for fimA 1.6 0.05
inhcelldiv Putative inhibitor of cell division encoded by cryptic prophage CP-933M 1.6 0.03
slyA Transcriptional regulator for cryptic hemolysin 1.6 0.00
slp Outer membrane protein induced after carbon starvation 1.6 0.00
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Table 1. Continued.
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Name  Definition Fold regulation Benjamini—-Hochberg (FDR)
phoQ Sensor protein PhoQ 1.6 0.01
rcsA Positive regulator for ctr capsule biosynthesis, positive transcription factor 1.6 0.05
ddg Putative heat shock protein 1.7 0.03
rfaH Transcriptional activator affecting biosynthesis of lipopolysaccharide core, F pilin, and haemolysin 1.7 0.03
gadA Glutamate decarboxylase isozyme 1.7 0.04
degQ Serine endoprotease 1.7 0.00
fimA Putative minor fimbrial subunit 1.7 0.02
cutf Copper homeostasis protein (lipoprotein) 1.8 0.03
gaovA Positive regulator of gcv operon 1.8 0.00
wecF TDP-FucdNAc:lipidll transferase; synthesis of enterobacterial common antigen (ECA) 1.8 0.01
plsC Putative phospholipid biosynthesis acyltransferase 1.8 0.00
osmB Osmotically inducible lipoprotein 1.8 0.03
wecC UDP-N-acetyl-p-mannosaminuronic acid dehydrogenase; synthesis of ECA 1.9 0.02
fecC Putative iron compound permease protein of ABC transporter family 1.9 0.05
relA (p)pPGpp synthetase | (GTP pyrophosphokinase) 1.9 0.05
rstA Response transcriptional regulatory protein (RstB sensor) 1.9 0.00
hemC  Porphobilinogen deaminase = hydroxymethylbilane synthase 2.0 0.00
holin2  Putative holin protein of prophage CP-9330 2.0 0.00
fepC Putative ATP-binding protein of ABC transporter family 2.1 0.01
rpoN RNA polymerase, sigma(54 or 60) factor; nitrogen and fermentation regulation 2.1 0.00
fopr Ferredoxin-NADP reductase 2.1 0.00
malG Part of maltose permease, inner membrane 2.1 0.05
Omptin  Outer membrane protein 3b (a), protease VI 2.1 0.02
gseB Quorum sensing Escherichia coli regulator B 2.3 0.02
wza Putative polysaccharide export protein 2.5 0.01
gadB Glutamate decarboxylase isozyme 2.5 0.03
feoB Ferrous iron transport protein B 2.6 0.00
chuU Putative permease of iron compound ABC transport system 2.7 0.00
stx2A Shiga-like toxin Il A subunit encoded by bacteriophage BP-933W 2.7 0.00
fhuD Putative iron compound-binding protein of ABC transporter family 2.7 0.00
endolys3 Putative endolysin of prophage CP-9330 2.7 0.00
fecD Putative iron compound permease protein of ABC transporter family 2.7 0.01
fimb5  Putative minor fimbrial subunit 2.8 0.01
wzx O antigen flippase Wzx 2.8 0.04
ibpB Heat shock protein 3.0 0.00
cspG Homolog of Salmonella cold shock protein 34 0.00
cspH Cold shock-like protein 3.6 0.02
endolys1 Putative endolysin of cryptic prophage CP-933M 3.8 0.00
etpC  EtpC 3.9 0.01
ibpA Heat shock protein 5.3 0.00
eae Intimin adherence protein 5.4 0.02
tagA ToxR-regulated lipoprotein 5.6 0.03
stx1B Shiga-like toxin 1 subunit B encoded within prophage CP-933V 7.1 0.03
espB Secreted protein EspB 13.8 0.01
espA Secreted protein EspA 14.5 0.02

Details for those genes that showed differential regulation > 1.5 while minimizing FDR below 5%. Fold regulation is provided in terms of
norepinephrine-grown cultures and based on log ratio (632/532). Thus, negative values are comparatively repressed while positive values are

comparatively induced in norepinephrine-grown isolates.

of which are organized into several operons (Elliott et al.,
1998). The ler gene, which is encoded in the LEEI operon,
has been determined to be the essential activator of the LEE-
related operons (Elliott et al., 2000) and the hha gene, which
is a negative regulator of hemolysin genes (Nieto et al.,
1991), has been associated with repression effects on ler
transcription and subsequent LEE expression (Sharma &
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Zuerner, 2004). In the array data of this study, the hha gene
showed no notable regulation. Although hha was not
repressed, which is reported among many other mechanisms
to lead to LEE induction, hemolysin transcription regulators
were induced. This could provide a logical fit that better
coordinates LEE expression with iron bioavailability. The
transcripts for slyA (regulator of hemolysin expression) and
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Table 2. Quantitative RT-PCR results

Gene gRT-PCR fold regulation Microarray fold regulation
eae 2.5 5.4

espB 7.12 13.8

PSPA —4.7 —-14

stx1b 4.9 7

espA 7.2 14.4

stx2a 2.5 2.7

rfaH (transcriptional activator of hemolysin) were signifi-
cantly induced. RfaH acts as an antiterminator for the
expression of the same hemolysin operons repressed by hha
(Leeds & Welch, 1996). This suggests inherent regulatory
interaction with iron metabolism and iron bioavailability
and provides a plausible explanation for LEE induction
under the current growth conditions. There are many
regulatory factors that have implications in the control of
LEE as reviewed by Walters & Sperandio (2006); hence there
is little elucidation to be gained, other than indicating how
the current results do, or do not, concur with previous
reports. It is evident that gseA is repressed, which is a noted
positive regulator of LEE (Daubin et al., 2003) yet gseBC
were induced. Additionally, gadA is induced, which is a gene
under positive regulation of gadX, which has also been
reported to be a positive regulator of LEE expression (Shin
et al., 2001) but was not regulated. Finally, the repression of
spoT, but the induction of relA and rcsC, indicates that there
might be a stringent response activation of LEE (Tobe et al.,
2005; Nakanishi et al., 2006). Thus, both concurrence and
disagreement with known mechanisms of LEE induction
exist. However, as each of these same systems are also
intimately tied in with the iron regulon (Gaille et al., 2003;
Kim et al., 2005; Vinella et al., 2005; Laaberki et al., 2006;
Muller et al., 2006; Diggle et al., 2007) it would seem logical
that iron bioavailability might be playing a primary govern-
ing role in LEE regulation, explaining its induction in the
presence of norepinephrine in the current experiment as
discussed below.

Iron acquisition and transport

Norepinephrine has been shown to promote the uptake of
iron that is complexed with lactoferrin or transferrin
(Freestone et al., 2000). Data revealed both induction and
repression of many transcripts involved in iron transport
and scavenging, respectively. There were five transcripts,
induced during growth with norepinephrine, that partici-
pate in the ATP-binding cassette iron transport system fhuD,
fepC, fecCD, and chuU. Additionally, the feoB gene, which
encodes an outer membrane transporter of ferric iron, the
fpr gene, which encodes a ferredoxin-NADP reductase, and
hemCD transcripts, which are primary genes involved in
heme biosynthesis, are induced. The induction of iron
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transport and utilization genes is contrasted by the com-
parative repression of enterobactin (iron scavenging)-asso-
ciated genes including cyoE, fepAC, hmpA, and entCD. It has
been shown that E. coli O157 uses enterobactin, in a reaction
facilitated by the presence of norepinephrine, to obtain iron
from transferrin molecules (Freestone et al., 2003). Thus, the
comparative repression of the enterobactin-related genes, in
the presence of norepinephrine, may seem contradictory in
the light of those findings (Freestone et al., 2003), yet it
would be expected that norepinephrine levels were not
actually regulating these genes directly. It is expected that
the lack of iron bioavailability in the control culture induces
expression of iron-scavenging genes. In other words, it is to
be expected that norepinephrine increases bioavailability of
iron, which under these conditions results in a comparative
repression of those genes associated with iron scavenging.
In the norepinephrine-grown isolates spoT, which en-
codes guanosine-3’, 5’-bis pyrophosphate 3’-pyrophospho
(ppGpp) hydrolase was repressed while relA (ppGpp
synthase) is induced. In E. coli, ppGpp acts as a positive
and negative regulator of many transcripts. RelA is a ppGpp
synthase and SpoT is both a hydralase and a synthase
(Vinella et al., 2005). Although there are implications in
LEE induction, the ppGpp molecule is best known in its role
of promoting glutamate and lysine production in cells
(Imaizumi et al., 2006); however, it also acts as a universal
stress regulatory factor (Braeken et al., 2006). In control
cultures, spoT may have been repressed and relA induced in
response to iron bioavailability, which would be yet another
unique induction factor for this noted multitasking regula-
tory molecule (Traxler et al., 2006). Supporting this regula-
tory interaction, recent research (Vinella et al., 2005) has
shown that ppGpp exerts a form of positive control on iron
uptake. This fits well with the current model in which
norepinephrine increases iron bioavailability in this model
system. Also of note, a target for future research was the
repression of fur, which has been a well studied and primary
regulator of the very complex iron regulon. Recent findings
show that the fur gene in Helicobacter pylori is vital to the
adaptation, not only to low iron concentration but also to
the relatively low pH encountered in the host upper GI
environment (Gancz et al., 2006). This provides a notable
link to the ongoing microbial endocrinology (Lyte, 1993)
research related to gastric dopamine and its possible viru-
lence-enhancing effects on enteric pathogens.

Acid resistance (AR) and SOS

AR in E. coli strains such as O157:H7 contribute to the low
infectious dosages of these organisms. Survival of the
passage through the stomach is facilitated by at least three
different AR mechanisms that include an rpoS-dependent
system and a glutamate decarboxylase system. Notable
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among the genes induced in response to norepinephrine are
gadAB, which are the primary genes involved in the gluta-
mate decarboxylase AR system. These two genes are thought
to impart AR by the consumption of protons during dec-
arboxylation of arginine and glutamate (Castanie-Cornet
et al., 2007). In addition, rcsABC are induced (rcsB = 1.2-fold;
P=0.01), which have also been shown to take part in the
glutamate AR pathway (Castanie-Cornet et al., 2007). This is
the first indication that norepinephrine might enhance AR.

The induction of ¢spG, ibpAB, and stx2 and other genes
associated with the bacterial stress response is of interest. In
relation to the expression of ibpAB, the bacterial stress-
response factor sigma(54) was induced. Sigma(54) is noted
to be a positive regulator of ibpAB (Kuczynska-Wisnik et al.,
2001). However, another of the primary operons reported to
be under its positive control (pspA-E) was repressed. These
genes encode the phage shock protein (psp) system
(Jovanovic et al., 1996). The psp system is reported to
respond to extracytoplasmic stress (Darwin, 2005) and the
conditions that modulate the psp operon have been asso-
ciated with alterations in proton motive force (PMF)
including acidic conditions. This suggests that there is a
dramatic difference in PMF in norepinephrine-exposed
cultures potentially tied to repression of large bore porins
such as ompF, secDEF, aroP, and nupC.

In bacteria, the Sec proteins provide a route for proteins
to cross the cytoplasmic membrane and for insertion of
OMP such as ompF (Driessen et al., 2001). It has even been
suggested that SecD and SecF function together to stimulate
OMP export (Darwin, 2005) and have also been specifically
associated with alterations in PMF (Nouwen et al., 2001) but
were not noted to be responsible for PMF maintenance. The
ompF-encoded protein has been noted to be involved in the
transport of large molecules across the membrane and its
repression in norepinephrine cultures would obviously
decrease diffusion of protons (increasing AR) and, as noted,
greatly influence PMF (Yamada et al., 1989). Investigations
into how norepinephrine influences PMF are definitively
warranted.

Finally, the results show induction of umuD, stx2, recB,
and lambdoid phage-encoded transcripts induction, which
may also indicate an SOS response initiated in response to
norepinephrine exposure (Keller et al., 2001; Bjedov et al.,
2003; Hare et al., 2006). The umuD gene regulates recA-
dependent DNA repair SOS response (Hare et al., 2006).
The recB gene is involved in SOS induction (Keller et al.,
2001) and because the stx2 genes are located on a lambdoid
phage its expression is also indicative of an SOS response
(Plunkett, IIT et al., 1999). Thus, it is now being investigated
whether norepinephrine might be an inducer of a novel
positive adaptive state (Dowd et al., 2007) in E. coli O157,
which could have dramatic implications in pathogenesis
(LeClerc & Cebula, 2000).
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The experimental design is largely consistent with pre-
vious studies using these model systems and as such
provides both corroborative and novel data. As with many
microarray studies, these data provide several new directions
expanding the scope of microbial endocrinology out of iron
bioavailability. A panel of new observations is made here,
especially related to PMF, SOS response, and AR. Yet, it must
also be acknowledged that with any such study a population
of bacteria rather than one single bacterium is normalized.
In addition, the results obviously do not represent the
complete influence of norepinephrine on gene expression
in E. coli O157:H7, because they reflect a single analysis at a
single time point in a single model system. Also of note is the
potential effect of differential growth rate on gene expres-
sion. At 5h postinoculation, the norepinephrine-treated
cultures may start dividing more rapidly than the control
cultures. Thus, it is important to clarify that the attempt is
made here only to evaluate gene expression differences
related to exposure of O157 to norepinephrine. Research
must now be directed to determine whether there are gene
expression changes in relation to the presence of norepi-
nephrine that occur ahead of (are not related to) those
changes specific to increased iron bioavailability and
enhanced growth rate.
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